Strandberg E, Edholm P, Ponsot E, Wå hlin-Larsson B, Hellmén E, Nilsson A, Engfeldt P, Cederholm T, Risérus U, Kadi F. Influence of combined resistance training and healthy diet on muscle mass in healthy elderly women: a randomized controlled trial.
aging; C-reactive protein; exercise; fatty acids; inflammation; skeletal muscle BETWEEN 2000 AND 2050, the proportion of the world's population over 60 years of age is projected to double from about 11 to 22%, increasing from 605 million to 2 billion (66) . In parallel, despite the fact that the risk of having a disability accelerates after the age of 80, the current and future older population may spend more years healthy and disability-free than past populations aged 65 and older (33, 34) . These demographic changes imply that research aiming to improve health in the older population should focus on subjects with deteriorated health as well as healthy older adults.
Aging is accompanied with a progressive decline in skeletal muscle mass leading to sarcopenia. The loss of muscle mass occurs together with a decline in muscle strength and power (19) , especially in lower limb muscles (36) . Low-grade chronic systemic inflammation, which is defined as a minor elevation in the baseline levels of acute-phase proteins and cytokines (10) , is currently considered as an important factor contributing to the age-related functional decline. In this respect, C-reactive protein (CRP), one of the most frequently used markers of systemic inflammation, has been shown to be elevated in older adults (15) . Elevated concentrations of CRP have been found to be associated to many age-related adverse changes (7, 39) , and even older adults with CRP levels Ն 1.2 mg/l have a moderately increased risk of developing disease (45) , highlighting the role of low-grade systemic inflammation in the age-related functional decline. Although elevations in systemic markers of inflammation have not been reported in all studies (4) , the reduction in muscle mass and strength has been found to be associated with increases in systemic markers of inflammation in older adults (51) . It has also been shown that the systemic inflammation can blunt the postprandial muscle protein synthesis in aged rats (1) . Interestingly, the administration of anti-inflammatory drugs can restore muscle protein synthesis in old rats (46) . Additionally, it has been shown that a treatment with anti-inflammatory drugs together with resistance training has beneficial effects on muscle volume and strength (57) . Though an anti-inflammatory medication might prove beneficial, daily administration of anti-inflammatory drugs is currently not feasible, indicating the need to develop efficient nonpharmacological approaches to maintain muscle function in healthy older adults.
Resistance training is currently considered as the most efficient nonpharmacological strategy to counteract the age-related loss of muscle mass in older adults (41) . However, several studies included physically inactive participants as well as older adults with chronic diseases or frail people. In healthy old men and women, resistance training-induced increases in muscle mass have been reported in some (2, 22, 30) but not in all studies (27, 60) . Moreover, gains in muscle mass have been reported in older men but not in women (20) . There are also discrepancies among studies addressing the efficiency of longterm resistance training in reducing the systemic inflammatory level. Resistance training-induced reductions in systemic markers of inflammation have been reported in older and middle-aged inactive individuals with risk factors for chronic diseases and relatively elevated baseline serum inflammatory markers in some (42) but not in all studies (9) . The ability of dietary approaches to reduce systemic inflammation has also been considered. The polyunsaturated omega-3 (n-3) fatty acids have been suggested to have anti-inflammatory properties (14) , as a significant decrease in the level of the pro-inflammatory precursor arachidonic acid (AA) has been reported in healthy middle-aged subjects supplemented with the n-3 fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (16, 26) . It has been shown that higher concentrations of AA are associated with smaller muscle size (44) , and AA has been shown to be an important signaling event in the induction of muscle protein degradation through an increased expression and activity of the ubiquitin-proteasome pathway (65) . On the contrary, n-3 fatty acids have been shown to inhibit protein degradation (62) and reduce the normal decline in muscle mass and function in older adults (55) . Furthermore, supplementation with n-3 fatty acids increases muscle protein synthesis above basal, postabsorptive values in older adults (54) . Altogether, alterations in serum levels of n-3 fatty acids might have a direct action on muscle mass in older adults. To our knowledge, there is no data on the effects of resistance training combined with a whole diet approach aiming to modify the n-6/n-3 ratio on muscle mass in healthy, physically active older women.
By using a three-armed randomized controlled trial, the objective of this investigation was to evaluate the effects of 6 mo of resistance training combined with a healthy diet on skeletal muscle mass and strength as well as systemic markers of inflammation in a population of healthy, physically active older women.
MATERIALS AND METHODS

Study design.
A three-armed randomized controlled trial was performed. Randomization was done by block design to ensure equal numbers of older women assigned to a control group (CON; 68 Ϯ 1 yr), a resistance training group (RT; 68 Ϯ 2 yr) and a resistance training plus healthy diet group (RT-HD; 67 Ϯ 1 yr). To ensure that the comparison groups were as similar as possible with regard to baseline inflammatory level, the randomization was stratified by serum CRP level. All subjects were informed about the nature and possible risks of the experimental procedures before written, informed consent was obtained. The study was conducted in accordance with the policy statement set forth in the Declaration of Helsinki and approved by the regional ethical review board of Uppsala.
Subjects. Elderly women were recruited through an advertisement in a local newspaper. A medical history and electrocardiograms were assessed by a physician. Exclusion criteria were 1) living in a nursing home; 2) self-reported inability to walk; 3) cardiovascular, pulmonary, metabolic, rheumatologic, and psychiatric disease; 4) musculoskeletal problems; 5) use of medication; 6) a food allergy; and 7) unexplained weight loss, defined as unintended loss Ն 5% body wt over the preceding 6 -12 mo. To be included in the study, older women had to be aged between 65 and 70 years, with a BMI Ͻ 30, fasting glucose Ͻ 6 mmol/l, fasting cholesterol Ͻ 8 mmol/l, systolic blood pressure Ͻ 140 mmHg, and diastolic blood pressure Ͻ 90. Additionally, subjects had to be recreationally physically active. The subjects physical activity behaviors were assessed by a previously validated questionnaire (EPAQ2) (63) . All subjects included in the study participated in various recreational physical activities, such as walking, Nordic walking, jogging, cycling, swimming, and skiing; none of the subjects had previously participated in structured resistance training. In total, 122 volunteers were screened and the 63 older women who remained after applying inclusion and exclusion criteria were considered eligible for the randomized controlled trial (RCT). After the 63 women were randomized into three groups, a total of eight subjects withdrew from the study (3 from CON, 4 from RT, and 1 from RT-HD) and did so for reasons not related to the intervention (Fig. 1) . The CON group was asked to maintain their normal activities of daily living.
Resistance training intervention. Supervised progressive resistance training was performed twice a week during 24 wk. Subjects performed three sets per exercise with 2 min of rest between sets and 3 min of rest between exercises. The initial workload corresponded to 50% of 1 repetition maximum (1 RM) during the first 2 wk where the subjects performed 12-15 repetitions per set. A workload of 75-85% 1 RM (8 -12 reps/set) was set for the rest of the intervention. Training load was adjusted throughout the intervention. The following exercises were performed: squat, leg extension, leg press, seated row, and pull down. Additionally, 5 min of core stability exercises and seven squat jumps were included. Training sessions ended with 5 min of stretching exercises.
Diet and dietary assessment. The subjects in the RT-HD group attended a dietary consultation and were given a diet plan. Details of the prescribed diet are summarized in Table 1 . Briefly, 44 E% of carbohydrates (fiber intake Ͼ25 g/day), 36 E% of fat (mainly monounsaturated and polyunsaturated fatty acids), and 20 E% of protein with the following major adjustment: the n-6/n-3 ratio Ͻ2. In accordance with these general dietary goals, several numbered menus were proposed to the participants. The subjects were trained to prepare their meals according to the recommendations provided by a nutritionist. The daily calorie requirements for each participant in RT-HD were calculated based on predicted basal metabolic rate (BMR) by the Harris-Benedict equation (50) and estimated physical activity level. The dietary intake was adjusted in 200 kcal increments to match individual energy requirements. Subjects in CON and RT were instructed to maintain their habitual dietary intake throughout the study. The dietary intake was monitored by using a food record over a period of 6 days at baseline, week 12, and week 24. The subjects were instructed by a nutritionist on how to record their daily food intake by using a portion size guide developed by the Swedish National Food Agency (31) . The dietary analysis program Dietist XP (Kost och Näringsdata) was used. 1 Repetition maximum. Maximum strength was assessed by using the 1 RM test. During a familiarization session, the proper lifting technique was practiced and maximum strength was estimated by using a multiple repetition test procedure. The 1 RM was determined for each exercise during the second visit. Following a warm-up period, the load was set at 90 -95% of the estimated 1 RM and increased with ϳ2.5-5% after each successful lift until failure. A 3-min resting period was allowed between consecutive attempts, and the 1 RM was obtained within five attempts.
Maximal isometric quadriceps strength. Maximal isometric quadriceps strength was measured in subjects seated on an adjustable chair with a 90°angle of hip and knee joints and with restraining straps crossing the torso and tested leg. The force sensor (K. TOYO 333A) was attached above the malleoli at one third of the distance between the lateral femoral epicondyle and lateral malleolus. Subjects were instructed to exert maximal force as quickly as possible and to maintain this force for 3-5 s. Verbal encouragements were provided. All measurements were performed on the dominant leg, and each subject performed three extensions at maximal voluntary effort separated by a rest period of 2.5 min.
Monitoring of physical activity. Recreational physical activity was assessed by accelerometry (Actigraph model GT3x, Pensacola, FL) at baseline, week 12, and week 24. This assessment was performed to monitor physical activity level outside the intervention. The accelerometer was worn with an elastic belt on the right hip for 6 consecutive days. Participants were informed to wear the monitor all waking hours except for bathing or swimming. The monitors were initialized and downloaded by using the manufacturer software ActiLife 6. Nonewear time was defined as periods of at least 60 consecutive min of zero values. The total number of counts per minutes per day (cnts·min Ϫ1 ·day Ϫ1 ) and the average number of minutes spent in moderate-to-vigorous physical activity (MVPA) per day were derived. MVPA was defined as all activities with an intensity Ն760 cnts/min, a threshold frequently previously used in older women (38) . The resistance training sessions for the RT and RT-HD groups at week 12 and week 24 were excluded from the analysis.
Dual X-ray absorptiometry and anthropometric measurement. Regional body composition was estimated by using dual X-ray absorptiometry (DXA; LUNAR Prodigy, GE Medical systems) performed in the fasted state. The system software (Hologic Apex version 2.3) provided the mass of fat-free soft tissue, fat, and bone mineral density for the lower limb, defined as the region extending from the inferior border of the ischial tuberosity to the distal tip of the toes. Body weight and height were measured to the nearest 0.1 kg and 0.1 cm, respectively, by using standardized equipment and procedures.
Blood samples. Blood samples were obtained between 7.00 and 9.00 AM after an overnight fast. The participants were asked to avoid smoking and alcohol and not to engage in any strenuous physical activity 24 h before the blood sample. Blood was collected by venipuncture from an anticubital vein, centrifuged at 4,000 rpm for 10 min and stored in Ϫ80°C.
Determination of CRP and IL-6 levels. CRP level was measured by using a high-sensitivity C-reactive protein (Hs-CRP) kit by a fully automated immunoturbidimetric assay (Advia 1800, Chemistry System, Siemens, Germany).
Commercially available enzyme linked immunosorbent assay kit was used (Quantikine HS, R&D Systems) for the assessment of IL-6 levels. All samples were run in duplicates and the average of two values was used for data analysis.
Determination of serum ␣-linolenic acid (18:3 n-3), EPA (20:5 n-3), DHA (22:6 n-3), linoleic acid (18:2 n-6), and arachidonic acid (20:4 n-6) . Briefly, serum lipids were extracted with chloroform and phospholipids were separated from other lipids by thin-layer chromatography and transmethylated with methanol and sulfuric acid (8) . The percentage composition of methylated fatty acids was determined by gas chromatography (GC) with flame ionization detection. GC used for the analysis consisted of 30-m capillary column coated with Thermo TR-FAME (Thermo Electron) and Agilent Technologies system (GC 6890N, Autosampler 7683, and Agilent ChemStation). The temperature used was between 150 and 260°C. The fatty acids were identified by comparing the retention time of each peak with the methyl ester standard (Nu Check Prep, Elysian, MN).
Statistical analysis. All variables were tested for normality by using the Shapiro-Wilk normality test and skewed data were log transformed. One-way ANOVA was used to examine between-group differences at baseline. The effects of the RCT were analyzed by using two-way repeated measure ANOVA (time and group) followed by the Holm-Sidak post hoc procedure. An ANCOVA was performed to control for possible confounding effects of total energy intake or relative protein intake on changes in muscle mass. With an alpha level set at 0.05, the power of statistical tests ranged between 0.80 and 0.90. With a required minimum of 15 subjects in each group, 21 subjects per group were included to allow for a 20 -25% drop out rate. P Յ 0.05 were considered significant. Statistical analyses were performed using SPSS version 20.0 (SPSS, Chicago, IL).
RESULTS
At baseline there were no significant differences between groups with regard to age, BMI, leg lean mass, leg fat mass, leg bone mineral density (BMD), strength, CRP, IL-6 ( Table 2) .
There were no significant alterations in BMI by the end of the 24-wk intervention in any of the groups. Training attendance for the participants was 87 Ϯ 8% (39 Ϯ 4 sessions, 1.77 Ϯ 0.15 sessions/wk) and 91 Ϯ 6% (41 Ϯ 3 sessions, 1.81 Ϯ 0.13 sessions/wk) in the RT and RT-HD groups, respectively. The assessment of physical activity level at baseline revealed that all participants met the physical activity recommendation of accumulating 30 min or more of moderate-to-vigorous physical activity per day on 5 or more days/wk (23) . We also found that the level of physical activity was similar between the groups at baseline (Table 2) and that there were no significant changes in the activity level over the 24-wk intervention period (Table 2 ), the latter indicating that participants did not modify their physical activity behaviors during the study. The assessment of the dietary intake showed no significant differences in macronutrients intake between the three groups at baseline and revealed that participants in CON and RT did not alter their nutritional habits throughout the study period (Table 3 ). In accordance with the dietary goals, dietary n-3 polyunsaturated fatty acids (PUFA) increased as expected, and consequently the n-6/n-3 ratio dietary intake significantly decreased only in RT-HD by 42% (from 3.1 Ϯ 1.3 to 1.8 Ϯ 0.6, P Ͻ 0.05).
Stratification by CRP ensured equal baseline inflammatory status in the three groups ( Table 2 ). The baseline levels of both CRP and IL-6 in this population of healthy older women were low and were not altered in response to the intervention. The analysis of blood samples showed that there was a significant increase in n-3 DHA serum level (ϩ8.3%) in RT-HD only, which further confirms dietary compliance. There were no significant changes in serum fatty acids ␣-linolenic acid, EPA and linoleic acid in any of the groups in response to the intervention (Table 4) . Interestingly, despite the low inflammatory level of participants, there was a significant decrease in the pro-inflammatory precursor AA in RT-HD only (Ϫ5.3 Ϯ 9.4%, P Ͻ 0.05) ( Table 4) .
The training volume in leg extension exercise was similar for both training groups (1,183 Ϯ 219 kg/session in RT and 1,186 Ϯ 143 kg/session in RT-HD, P ϭ 0.962). By the end of the intervention period, there was a significant increase in 1 RM in leg extension in both RT and RT-HD ( Fig. 2A) . Maximal isometric quadriceps strength also increased significantly (P Ͻ 0.05) in both RT (19.0 Ϯ 3.4%) and RT-HD (15.3 Ϯ 3.5%). On the contrary, CON did not change their 1 RM in leg extension over the course of the 24-wk period (Ϫ1.9 Ϯ 6.4%, P ϭ 0.278) ( Fig. 2A) . Leg lean mass, fat mass, and BMD evaluated by using DXA revealed no significant differences between the three groups at baseline (Table 2 ). However, there was a significant increase in leg lean mass in response to the 24-wk intervention only in RT-HD (time ϫ group effect, P ϭ 0.027) (Fig. 2B) . ANCOVA was used to control for possible confounding effects of total energy intake and absolute or relative protein intake on changes in muscle mass. We found that these covariates had no significant effects on changes seen by the end of the intervention.
DISCUSSION
The present study provides information on the combined effects of exercise and dietary interventions in a group of recreationally active older women homogenous with respect to age and with no chronic diseases. The main findings of the present study were that resistance training improves muscle strength in healthy and recreationally active older women and that gains in skeletal muscle mass occur only when resistance training is combined with a healthy diet.
In our study, the design of the diet was based on a whole dietary approach with no use of dietary supplements or pharmacological agents. The prescribed diet was in line with the current dietary guidelines in Europe and the United States, i.e., a healthy diet rich in wholegrain products, vegetables, fruits, fish, and polyunsaturated fats from vegetable oils and nuts, All values are given as means Ϯ SD. *P Յ 0.05. CON, control group; RT, resistance training group; RT-HD, resistance training ϩ healthy diet group; CRP, C-reactive protein; BMI, body mass index; RM, repetition maximum; BMD, bone mineral density; PA, physical activity. with very low amounts of red meat and saturated fats. In accordance with the dietary goals, a decrease in the n-6/n-3 ratio dietary intake occurred only in RT-HD, and an increase in serum n-3 DHA further confirmed dietary compliance.
The fact that resistance training improves muscle strength in both RT and RT-HD is in accordance with several studies in both healthy and frail older adults (40) . However, our findings show that resistance training alone did not lead to significant improvements in leg lean mass in a population of healthy and physically active older women. Likewise, previous reports failed to show any significant improvements in muscle mass in older men and women (27, 60) , and one report demonstrated significant resistance training-induced improvements in muscle mass in older men but not in women (20) . As indicated earlier, the time spent in moderate-to-vigorous physical activity by the participants in this study was in line with the recommendations for physical activity in both young and older adults (23, 35) and higher than what has been reported in previous studies assessing physical activity behaviors in older women (38) . In this respect, improvements of muscle mass are more frequently reported in physically inactive older (53) and old/frail subjects with risk factors for chronic diseases (5) . Even in frail older people, it has recently been demonstrated that a dietary protein supplementation is required to increase muscle mass (56) .
A previous study demonstrated that administration of overthe-counter dosages of nonsteroidal anti-inflammatory drugs combined with a resistance training program appeared to enhance muscle hypertrophy and strength gains compared with resistance training alone in older adults (57) . The significant improvements in leg lean mass in our healthy, physically active older women occurred only when resistance training was combined with the healthy diet. In this population of healthy and physically active older women, baseline serum CRP and IL-6 levels were low and the diet-induced improvement of muscle mass was not accompanied by changes in serum levels of these markers. Several previous investigations exploring the effects of whole diet (58), supplementation with fish oil (43), or resistance training alone (9) did not report changes in systemic inflammatory markers. Reductions in serum CRP and IL-6 levels were generally reported in response to resistance training in older adults with low physical activity levels (42) and were accompanied by a decrease in fat mass in some (13) but not all studies (37) . It has also been shown that supplementation with the n-3 ␣-linolenic acid reduces IL-6 levels in older men but not in women (11) and that even increased n-6 PUFA intake is not associated to elevated systemic inflammation (21) . In feeding trials, even a dramatic (Ͼ3-fold) increase in the n-6/ n-3 PUFA ratio does not increase signs of inflammation or oxidative stress in subjects with low-grade systemic inflammation (i.e., metabolic syndrome or Type 2 diabetes) (6). Moreover, it was recently shown that compared with a diet with low intake in n-6 PUFA and high in saturated fatty acids, a diet with high intake in n-6 PUFA induced an increase in total muscle mass without changes in serum inflammatory levels (48) . Alternatively, changes in baseline serum CRP levels occur only under the influence of the cumulative effects of exercise and dietary changes over the course of many years, and not after shorter-term interventions. This possibility is consistent with the hypothesis that physical exercise acts predominantly by reducing body fat. This is supported by the association between weight loss and reductions in CRP levels (52) .
The increase in muscle mass, which occurred only in RT-HD, was accompanied by a diet-induced reduction of AA and an increase in DHA. Decreased AA might have a positive effect on muscle mass, as it has been shown that higher concentrations of AA are associated with smaller muscle size (44) . Additionally, AA has been shown to be an important signaling event in the induction of muscle protein degradation through an increased expression and activity of the ubiquitinproteasome pathway (65) . Additionally, the diet-induced increase in serum n-3 DHA might have contributed to the increase in muscle mass as n-3 fatty acids have been shown to inhibit protein degradation (62) , enhance muscle protein synthesis (54) , and reduce the normal decline in muscle mass and function in older adults (55) . Despite the fact that leg lean mass increased significantly in RT-HD, there were no significant differences in the magnitude of the improvement in leg extension strength between RT and RT-HD. This implies that significant changes in muscle strength can be achieved without significant changes in muscle mass in older women, highlighting the role of neuromuscular adaptations (i.e., motor unit recruitment) in strength improvements in older adults. It can thus be hypothesized that the 1.8% improvement in leg lean mass in RT-HD does not necessarily translate into superior effects on muscle strength in healthy and physically active older women. In older women, previous studies showed significant increases in muscle strength with no significant increases in skeletal muscle mass after resistance training (20, 27, 60) , and in studies reporting increases in skeletal muscle mass in healthy older adults, the magnitude of changes generally ranges between 2 and 6% (2, 18, 22, 24, 30, 49, 53, 59 (30) . A 2.1% increase in fat-free mass was reported after 6 mo of resistance training in participants who underwent a period of 8 mo of detraining prior to the start of the intervention (49) . Differences in the physical activity level of participants prior to the intervention and individual differences in the response to exercise might explain the differences between the studies. In general, the low magnitude of training-induced changes in muscle mass in older women can also be explained by a reduction of the anabolic response to exercise in older individuals (28) .
The 24-wk dietary intervention was self-administrated and based on dietary counselling. This dietary design is less rigorous than controlled nutrient diets. However, the strategy used in our study allows reducing the participant burden given that one of the major challenges in any long-term dietary study is the retention of eligible study members for the duration of the intervention. To improve participant compliance, several menus were designed according to the general dietary goals. Food records performed at the start, in the middle, and at the end of the intervention indicated high compliance. Furthermore, the increase in the n-3 fatty acid DHA serum level, which occurred only in RT-HD, further points to a high level of compliance. By the end of the intervention, there was a nonsignificant mean difference of 186 kcal/day in RT-HD. This slight difference in total energy intake and in absolute or relative protein intake had no significant influence on changes in muscle mass. Noteworthily, previous studies showed that protein intakes of 0.9 g·kg Ϫ1 ·day Ϫ1 or 1.2 g·kg Ϫ1 ·day Ϫ1 combined with resistance training gave similar effects on muscle mass in older adults, indicating that increases in protein intake in subjects with already adequate protein intake would not further enhance the effects of the intervention (25) . Participants included in our study had a baseline protein intake of ϳ1 g·kg Ϫ1 ·day Ϫ1 , which is considered an adequate intake for older women (3, 12, 47) . In the present study, body composition was assessed by using DXA, which is less accurate than other tools such as computed tomography (CT) or magnetic resonance imaging (MRI). DXA has previously been considered to be a reasonable alternative to CT and MRI for estimating regional and total body composition (29) , and by using DXA the amount of radiation is far less than other methods. Furthermore, it has been demonstrated that the use of DXA for the regional analysis of the limb area is particularly accurate compared with DXA measurement of the trunk area (64) . Additionally, previous studies have evaluated body composition by using DXA, CT, and MRI and showed good between-method agreement in the determination of muscle size (17, 32, 61) .
Our findings suggest that the practice of resistance training together with the adoption of a healthy diet by a population of healthy and physically active older women with no risk factors for chronic diseases and low serum levels of inflammatory markers can optimize the resistance training-induced gains in muscle mass. To reduce the prevalence of sarcopenia and to delay the age-related functional decline, it is important to evaluate the myogenic potential of nonpharmacological interventions before the occurrence of different comorbidities leading to muscle weakness. In this study, although moderate, the intervention-induced changes in muscle mass can be considered to be promising as they can be implemented in healthy active older women and can delay the impact of aging on the muscular system. It can also be hypothesized that the same intervention would induce more benefits at the level of muscle mass in inactive older women with poor health status. Further research is needed to understand the molecular mechanisms underlying changes in muscle mass in response to combined resistance training and a healthy diet.
In conclusion, an intervention based on resistance training combined with a healthy diet can optimize the resistance training-induced increases in skeletal muscle mass in healthy and physically active older women. Increases in muscle mass were not accompanied by a reduction of serum CRP or IL-6 but were associated with a diet-induced reduction in serum AA and an increase in serum DHA. This information is important for refining cointerventions compatible with long-term lifestyle changes aiming to improve muscle mass in older women in order to delay the occurrence of sarcopenia.
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